10 mononuclear cells from the whole thoracic and lumbar vertebral column. With a mean fraction of CD34-positive cells of 2.1 ؎ 0.3%, recovery and purity were not affected by site of sample, temperature or donor age. In contrast, the CD34-positive fraction in spleen preparations was 0.41 ؎ 0.06%. When analyzing the number of colony-forming units (CFU-GM, BFU-E and CFU-GEMM), we found no significant differences between cadaveric bone marrow and bone marrow aspirates from living donors. However, cells harvested from the spleen gave significantly fewer CFUs than did bone marrow from living donors. We conclude that bone marrow from cadaveric donors can be harvested and procured with a high degree of viability and good function. With an appropriate technique of harvesting and procurement, it seems feasible to recover enough stem cells for transplantation.
In the field of bone marrow transplantation, only one third of candidates for allogeneic bone marrow transplantation have an HLA-identical sibling donor. 1 Therefore, marrow from unrelated donors is increasingly employed. [2] [3] [4] Bone marrow from cadaveric donors used as a source may be an alternative to volunteer donors. In addition, bone marrow, harvested together with solid organs, can even be used to modulate the immune response of the organ recipient. The discovery of microchimerism after transplantation of solid organs has been considered to explain mechanisms of longterm allograft acceptance without immunosuppression. [5] [6] [7] Thus, donor-specific bone marrow augmentation after solid organ transplantation has been thought to promote extended chimerism and possibly to produce tolerance. 8, 9 Tolerance induction has been described with living donor leukocyte infusions in mice, 10 dogs 11 and rhesus monkeys. 12 Hitherto, extension of these results to human transplantations has failed to induce tolerance although improved renal graft survival was seen. 13 Several methods for harvesting cadaveric bone marrow have been described. 14, 15 However, little is known about optimization of the number of stem cells required for successful engraftment in the recipient. This paper describes a rapid method for the harvesting and procurement of cadaveric bone marrow. Isolation conditions have also been studied to optimize the yield of progenitor cells. Finally, the quality of the processed cadaveric bone marrow has been analyzed and compared with bone marrow aspirated from living donors.
Materials and methods
Bone marrow was taken from 20 cadaveric organ donors. In five, kidneys only were taken, in eight cases, liver and/or pancreas were also taken and in the remaining seven, thoracic organs were removed as well. Informed consent was given by relatives. Around 70% of those approached gave consent. University of Wisconsin (UW) solution 16 was used for organ preservation in all cases. The median age of the donors was 47 years with a range between 4-67 years (nine males and 11 females). The cause of death in seven cases was trauma and the other 13 deaths were due to intracranial hemorrhage. For comparison, bone marrow aspirated from the iliac crest of 10 living donors, median age 28 years (7-61 years), eight males and two females was analyzed.
Bone marrow harvest
Bone marrow was harvested from vertebral bodies, sternum body and ribs. In three cases, sternal samples were taken before perfusion of organs with UW solution. To obtain marrow from vertebral bodies, the outer cortex was removed with an electrical bone saw and the trabecular bone containing red marrow was extracted, using a Gigli saw or a chisel. Trabecular samples were cut into small pieces and transported to the laboratory in heparinized RPMI 1640 medium either on ice (+4°C) or at room temperature (+20°C). For sternal and rib samples, whole sections of bone marrow were removed with an electric saw and thereafter cut into smaller pieces.
Bone marrow procurement
Samples were analyzed immediately or stored for a maximum of 3 days at room temperature (+20°C) or in a refrigerator (+4°-+8°C) before separation. Cell suspensions were passed through a sterile 70-m cell strainer (Falcon; Becton Dickinson, San Jose, CA, USA) to remove bone fragments before layering on a Ficoll-Hypaque gradient and then centrifuged at 500 g for 20 min. The interface containing mononuclear cells was collected and the cells were washed and resuspended in RPMI 1640, supplemented with 10% human AB serum. Viability of bone marrow cells was tested with trypan blue exclusion.
Spleen cell procurement
Spleens were taken from cadaveric organ donors, then cut, emulsified through a cell strainer and washed. 17 The cells were separated on a Ficoll-Hypaque gradient and were kept frozen in liquid nitrogen before use.
FACS analysis of cell surface markers
The method for FACS analysis on Ficoll-separated cells has been described previously. 18 Briefly, after cells were counted, they were diluted in PBS to 10 6 cells/ml. To 0.1 ml cell suspension, 10 l of conjugated monoclonal antibodies (mabs) were added; CD45 FITC/CD14 PE (Leucogate; Becton Dickinson), r 1 /r 2a Simultest Control (Becton Dickinson), CD34 FITC (HPCA-2; Becton Dickinson) and CD19 PE (HD-37; Dako, Copenhagen, Denmark), CD3 FITC (UCHT-1, Dako A/S) and CD 56 PE (Leu-19, Becton Dickinson). Cell suspensions were incubated for 10 min, at room temperature in the dark. After washing once and resuspension in PBS, the cells were analyzed in a FACSort (Becton Dickinson), evaluating 10-20 000 cells per sample. After running the negative control, 100 l propidium iodide (1:1000) were added to the cells and after incubation for a further 5 min, the cells were analyzed to evaluate viability. The percentages of the various cell populations were calculated in an ungated cell population.
Assay for hematopoietic precursors
A commercial kit 'Stem cell CFU kit' (GIBCO BRL, Life Technology, NY, USA) was employed to study colony formation and was used according to the manufacturer's instructions. This semi-solid system mimics the extracellular matrix produced by stromal cells. Triplicate cultures with 12.5 ϫ 10 3 cells/well, 0.5 ml in each well, were incubated for 10 days. Colonies were identified as BFU-E (burst-forming units-erythroid cells) containing densely packed hemoglobinized cells, CFU-GM (colony-forming units-granulocytes, macrophages) and CFU-GEMM (colony-forming units-granulocytes, erythroid cells, macrophages, megakaryocytes).
T cell depletion
Prepared bone marrow cells were resuspended in RPMI + 2% FCS to a final concentration of 1-4 × 10 7 /ml. Magnetic bead (Dynal, Oslo, Norway)-coupled mabs directed against CD2, CD3 and CD8 were added to a mean of four beads/T cell and incubated for 30 min at +4°C on a rocking platform. Cells with surface-bound beads were removed with a magnetic device and the supernatant containing uncoupled cells was collected. This procedure was performed twice to achieve maximal clearance of magnetic beads.
CD34-positive cell selection
For CD34 cell selection a commercially available system was used according to the manufacturer's instruction (Ceprate, LC-34; Cellpro, Bothell, WA, USA). In this system, cells are incubated with a biotin-labelled anti-CD34 antibody and labelled target cells are captured with avidincoated beads, using a continuous flow column. Bound target cells are released by gentle agitation. Table 1 shows the fractions of various populations of hematopoietic cells, assayed by FACS analysis. The number of colony-forming units in the analyzed samples is also shown. Three of the sternal samples were collected in an early phase of the donor operation before procurement of organs and perfusion with UW solution. However, there were no differences in viability, yield of nucleated cells or cell populations in these samples as compared to those taken from the sternal body at the end of the donor operation. The fraction of CD34-positive cells was not affected by temperature or storage for less than 3 days (Figure 1) . Patients above 47 years of age had 2.0 Ϯ 0.4 (Ϯ s.e.)% CD34-positive cells in the marrow, as compared to 2.2 Ϯ 0.4 in donors below this age (NS).
Results
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Viability and yield
The viability of mononucleated cells immediately after gradient centrifugation ranged between 84-99%, with a mean value of 93.5 Ϯ 1.0% (mean Ϯ s.e.m.). No significant difference was observed between samples from the vertebrae, rib or sternum (data not shown). Viability was not significantly affected by storage temperature or duration of storage (maximum 3 days), although we found a tendency to decreased viability when samples were stored for a prolonged period at room temperature (Figure 2) .
The yield of nucleated cells per ml of bone marrow was found to be higher from vertebrae than from sternal body or rib (P Ͻ 0.001) (Figure 3) . The mean yield from one vertebral body was calculated as 2.6 Ϯ 0.7 ϫ 10 9 mononuclear cells. Since samples from vertebral bodies proved to be superior as regards yield, a calculation of the maximal yield from one donor was performed. This was based on the harvest of 10 vertebral bodies, each containing 30 g of bone marrow with a mean yield of 8.7 ϫ 10 7 mononucleated cells/ml. This resulted in a total number of 2.6 ϫ 10 . Vertebrae, n = 17; sternum, n = 7; rib, n = 3; spleen, n = 3.
Colony-forming units
During the analysis for colony-forming units (CFU-GM, BFU-E and CFU-GEMM), no significant differences were seen when samples were stored for 3 days on ice (+4°C) or at room temperature (+20°C) (Figure 4 ). When the number of colony-forming units from cadaveric bone marrow was compared with preparations of bone marrow from living donors, there were no significant differences between either of the assays (Table 1) .
T cell depletion
Depletion with anti CD3, CD4 and CD8-coupled magnetic beads, to remove T lymphocytes, reduced the total number of mononucleated cells by 14 Ϯ 3.5%, with no detectable loss of CD34-positive cells. The fraction of CD3-positive cells decreased from 8.6 Ϯ 4.1% to 0.36 Ϯ 0.23%, which indicates a 96 Ϯ 2.0% depletion efficiency. When T cells were depleted with the Ceprate method of selection for CD34-positive cells, 99.6% of the T cells were depleted, but with a loss of 60% of the CD34-positive cells as well ( Table 2) . The number of cells are expressed as mean × 10 6 ± s.e.m.
Spleen cell preparations
The fractions of the various hematopoietic cells analyzed by flow cytometry are shown in Table 1 . The fraction of CD34-positive cells was significantly lower in spleen cells, as compared to bone marrow harvested from vertebral bodies (P Ͻ 0.003). There were also fewer CFUs in spleen cell preparations than in bone marrow from living donors (CFU-GM; P = 0.02). The mean yield from 1 g of spleen tissue was 44 ϫ 10 6 mononuclear cells. Assuming a mean weight of 100 g, the total obtainable number of CD34-positive cells from a single spleen would be estimated at 19 ϫ 10 6 .
Discussion
It was earlier shown that cadaveric vertebral bodies are a suitable source of bone marrow for allogeneic transplantation. 14 The method described includes resection of the thoracolumbar column en bloc for further processing in the laboratory. In this paper, we describe a modified method which leaves intervertebral discs and adjacent cortical bone in place to give additional strength for the column, which is advantageous for ethical reasons. This method is relatively fast and easily performed after removal of the abdominal organs allowing excellent exposure of the thoracovertebral column.
The mean number of nucleated cells obtained from a vertebral body is 8.7 × 10 7 /ml bone marrow, which is somewhat lower than has earlier been reported. However, some of the samples taken at the beginning of the series showed extremely low values, probably because of technical difficulties with procurement and inexperience in the harvesting procedure. Using data from the 10 most recent donors, a total yield per donor of 6.2 ϫ 10 8 CD34-positive cells was obtained which seems sufficient for transplantation. A point of practical value is that the loss of cells during the first 36 h is not a crucial problem and the start of procurement can be postponed until the day after the donor operation. Between 1 and 4 ϫ 10 6 CD34 cells are sufficient for engraftment using unrelated peripheral blood progenitor cells. 19 Only a few CD34 cells are lost during cryopreservation. 20 Thus, 6.2 ϫ 10 8 CD34 cells would be enough for two adult recipients with 70 kg body weight, giving 4 ϫ 10 6 CD34-positive cells/kg. An interesting question arises when comparing cadaveric donor (CD) bone marrow with bone marrow aspirated from living donors (LD). We saw no differences in viability of the cells after the procurement. The fact that the fraction of CD34-positive cells was smaller in the LD marrow than in the CD marrow probably indicates that aspirated marrow is diluted with peripheral blood. When quality, as measured by colony-forming units, of CD marrow is compared with bone marrow aspirated from living donors, we see a tendency towards lower amounts in the cadaveric marrow, but the difference is not significant.
For conventional allogeneic bone marrow transplantation, the establishment of registers of voluntary living donors has become an important alternative to HLA identical siblings in the search for a well-matched graft. [2] [3] [4] However, another potential source is cadaveric bone marrow, procured from organ donors, then frozen and stored for future transplantations.
In Sweden, the annual number of organ donors is about 15 per 10 6 population. If bone marrow were to be routinely harvested and stored, a bank acquiring 120 cases a year could be established. As compared to the four million donors available in various registers, it can be argued that this number is negligible, but due to local variations in the most common HLA patterns, it could provide an additional source when searching for a well-matched graft, for instance in ethnic minorities. As regards costs, the method for harvest and procurement of cadaveric bone marrow is relatively simple and fast, when used together with organ retrieval. There is a not inconsiderable cost for freezing and storage. However, it should be noted that no additional costs would be incurred by HLA-typing and viral screening, since these are done in any case for organ donors. We therefore think that the procurement of cadaveric bone marrow from brain-dead donors is justified.
It does not seem worth storing the spleen to be used for stem cell transplantation because an average spleen contains only 1.9 ϫ 10 7 CD34 + cells. This would give a dose of only 0.3 ϫ 10 6 CD34 + cells/kg to an average adult. In organ transplantation, despite recent advances in immunosuppression, rejection remains the most common cause of allograft failure, and immunosuppressive agents are a significant cause of morbidity and mortality in clinical transplantation. The possibility of tolerance induction and avoidance of long-term immunosuppression would represent a major step in the development of organ transplantation. Donor-specific bone marrow infusion, as an adjunct to solid organ transplantation, has been observed to promote microchimerism and induction of tolerance in animal models. In man, such infusions have also been associated with establishment of chimerism and in vitro evidence of decreased antidonor reactivity in mixed lymphocyte cultures, and so far only one study showed an improvement in graft survival. 5, 6, 13 However, in none of the trials has preconditioning of the patient prior to bone marrow infusion been performed. The reason for this is fear of toxicity, neutropenia, infections and severe GVHD due to HLA-incompatibility.
T cell depletion of transplanted bone marrow has proved to be effective in preventing acute GVHD in HLA-identical siblings. 21, 22 If T cell depletion is combined with conventional immunosuppressive agents, the GVHD reaction, even in non-HLA identical matches, may be controlled when a combination of allogeneic and T cell-depleted autologous marrow is given after ablative therapy. 7, 23, 24 This would then seem to be a possible way to achieve 'macrochimerism' and tolerance towards the HLA antigens of the infused bone marrow. Time constraints do not permit giving ablative and immunosuppressive conditioning prior to organ transplantation. Furthermore, there may be very high risks of infections if organ and bone marrow transplantation are performed simultaneously. We would therefore suggest that conditioning and bone marrow transplantation is delayed for some weeks until the surgical wounds have healed and the patient is in a stable clinical condition.
We conclude that bone marrow from cadaveric donors for transplantation can be procured with a high degree of engraftment potential. Our data indicate that the yield of stem cells is better when marrow is taken from vertebrae instead of from the ribs or sternal body. With this technique, it seems possible to isolate a sufficient number of the cells required for bone marrow transplantation.
